The de novo biosynthesis of uridine 5'-monophosphate (UMP), a key intermediate in pyrimidine nucleotide metabolism, has been the subject of several biochemical and genetic studies in enteric bacteria (for a review see Fig. 1 of reference 2) . The synthesis of UMP from preformed pyrimidine bases and nucleosides is also well understood ( Fig. 1 of reference 3 ). In contrast, only a few studies have been concerned with the enzymatic steps responsible for the phosphorylation of the pyrimidine nucleoside monophosphates to the corresponding diand triphosphates (13, 16) . Thus, until r&cently, our knowledge about the number and the specificities of these kinases was fragmentary.
The recent isolation of a Salmonella typhimurium strain with a mutation in the structural gene (ndk) encoding nucleoside diphosphate kinase (8) has established that this single enzyme is responsible for catalyzing the conversion of all nucleoside diphosphates to triphosphates at the expense of adenosine triphosphate.
The isolation and characterization of S. typhimurium mutants defective in UMP kinase, encoded by the structural gene pyrH, ' Present address: Department of Molecular Biology, University of California, Berkeley, Calif. 94720. demonstrated the existence of an essential kinase specific for UMP (12) . Strains mutated in pyrH show normal cytidine 5'-monophosphate (CMP) kinase activities, indicating that the enzymes which catalyze the phosphorylation of UMP to uridine 5'-diphosphate (UDP) and of CMP to cytidine 5'-diphosphate (CDP) are distinct in S. typhimurium. This raises the question about the specificity and physiological function of CMP kinase.
The present paper describes the isolation and characterization of S. typhimurium mutants defective in CMP kinase and the localization of the structural gene (cmk) on the Salmonella chromosome. The results obtained are compatible with a scavenging function for CMP kinase in the rephosphorylation of CMP formed as a result of the turnover of messenger ribonucleic acid (mRNA). VOL. 120, 1974 CMP KINASE MUTANT' was adjusted to 7 .0 with NaOH. Casamino Acids medium was basal salts medium containing 0.2% glucose and 0.2% norite-treated, vitamin-free Casamino Acids (Difco). In determinations of the acidsoluble nucleotide pools, tris(hydroxymethyl)aminomethane (Tris)-minimal medium containing 1 mM sodium phosphate (7) was employed. Solid media were prepared by adding 1 Bacterial strains. All strains employed were derivatives of S. typhimurium LT2. They are listed in Table 1 together with their genotypes.
Mutagenesis and genetic techniques. For mutagenesis, N-methyl-N'-nitro-N-nitrosoguanidine (NG) (9) or ultraviolet light was employed (10 plates were incubated at 37 C for 24 h. Strains which were put+ were completely inhibited in growth near the azetidine disk, but strains which were put-were not inhibited at all.
Genetic techniques including P22-mediated transduction and conjugation were performed as previously described (1) .
Autoradiographic procedure for the isolation of cmk-mutants. The autoradiographic selection procedure was based on a method developed by Swanton and Edlin (26) (17) . Nucleoside monophosphates were separated using the two-dimensional system developed by Randerath and Randerath (22 was added to a final concentration of 10 4g/ml (specific activity 40 MCi/Mmol). At intervals, 0.5 ml of the labeled cultures was taken into 4 ml of 5% trichloroacetic acid (0 C). After 30 min at 0 C, the samples were filtered on membrane filters (Millipore Corp.) and washed three times with boiling water. After drying, the filters were counted in a Tri-Carb liquid scintillation spectrometer (Packard, model 3375).
Enzyme assays. One unit of enzyme activity is defined as the amount that catalyzes the conversion of 1 nmol of substrate per min at 37 C. Specific activities are expressed as units per milligram of protein as determined by the method of Lowry et al. (15) .
UMP, CMP, and dCMP kinase. Overnight cultures in Casamino Acids medium were harvested and washed with 0.9% NaCl by centrifugation. Cells were resuspended (10'" cells/ml) in 0.1 M Tris-chloride (pH 7.8), 10 mM MgCl2, and 2 mM mercaptoethanol, sonically extracted three times for 30 s at 0 C, and centrifuged. The supernatants were dialyzed for 2 h against 0.1 M Tris-chloride (pH 7.8), 10 mM MgCl2, and 2 mM mercaptoethanol (0 C) and used for assays. The assays were performed as previously described (12) assay. The Parafilm was placed in an airtight, humidified plastic box for 60 min at 37 C, spotted on PEI-cellulose thin-layer plates by placing the plates face down on a row of drops, dried with warm air, and developed stepwise with methanol to the origin (1.5 cm), with 2 M NaCOOH at pH 3.4 to 3.5 cm, and with 4 M NaCOOH pH 3.4 to 8.5 cm. The thin-layer plates were dried with warm air and exposed to X-ray film overnight. Assay results were read from the developed X-ray films. The cmk-strains showed radioactivity only in the area of CMP, whereas the cmk+ strains showed about half of the radioactivity in the cytidine 5'-triphosphate (CTP) and CDP areas at approximately a 3:1 ratio.
Uridine phosphorylase. Assays were performed on sonic extracts of cultures that had been grown in glucose basal salts medium in the presence or absence of 1 mM cytidine (inducer) as described by HammerJespersen et al. (10) .
Pyrimidine excretion by cmk-mutants: biological assay. Cultures of the strains to be tested [JL1278 (cmk+) and JL923 (cmk-)] were grown overnight in basal salts medium with cysteine and limiting amounts of glucose (0.05%) giving densities of 3 x 108 to 4 x 108 cells/ml. Cells were removed by centrifugation and the culture media were sterilized by membrane filtration. Each culture medium was made to 0.2% glucose and divided in three parts. One was inoculated with 10' cells of the general pyrimidine requirer JL1018 per ml to measure total amounts of pyrimidines present in the media. The second was inoculated with 10' cells of the cytidine-requiring strain JL672 per ml to measure the amount of cytidine in the media, and the third served as a control for sterility of the media. The cultures were incubated at 37 C with shaking, and the growth yields were mea-sured turbidimetrically after 24 h. For each of the tester strains, a standard curve was constructed using media with known amounts of cytidine present as pyrimidine (cytidine) source.
Radiochemical assay. 
RESULTS

Selection of CMP kinase mutants (cmk).
Studies of S. typhimurium mutants defective in UMP kinase (pyrH) provided evidence for the existence of a separate enzyme, catalyzing the phosphorylation of CMP to CDP (12) . From its position in pyrimidine metabolism (Fig. 1) we assumed CMP kinase to be nonessential for growth and devised our mutant selections accordingly.
We previously showed (3) that the conversion of exogenous cytidine to CTP in a mutant lacking cytidine deaminase (cdd-) depends on the presence of a functional uridine (cytidine) kinase (udk+). We also showed that, in a similar genetic background (i.e., cdd-), the pyrimidine analogue 5-fluorocytidine (FCR) is toxic and that this toxicity is dependent on a functional uridine (cytidine) kinase (3). The cdd-background is necessary to prevent the rapid deamination of FCR to 5-fluorouridine (FUR second was based on the assumption that mutants lacking CMP kinase would be resistant to FCR. That is, we assumed that FCR must be phosphorylated to either 5-fluorocytidine diphosphate or 5-fluorocytidine triphosphate in order to exert toxicity. Both selections would be expected to yield, in addition to mutants lacking CMP kinase, mutants defective in uridine (cytidine) kinase (udk). However, these latter mutants are easily distinguishable from the former by being resistant to FUR, provided the parental strain lacks uracil phosphoribosyl transferase activity (upp-) (Fig. 1) (3) . Thus we used JL1278 (upp-, cdd-) as parental strain for the selections (Table 1) .
In the first selection NG-mutagenized cultures of JL1278 were allowed to express phenotypically for 4 (Table 2) show that they contain greatly reduced levels of CMP'kinase activity whereas their UMP kinase activities remain normal.
In the second selection, ultraviolet-mutagenized cultures of JL1278 were expressed overnight in glucose minimal medium containing cysteine. Samples containing about 5 x 106 cells were subsequently spread on glucose minimal plates containing cysteine and FCR (20,ug/ml) and incubated at 37 C for 2 days. Resistant colonies were tested on plates for sensitivity to FUR (10 ,ug/ml). Colonies resistant to FCR but sensitive to FUR were purified and tested in liquid cultures for inability to incorporate exogenous cytidine into nucleic acids. One mutant, KP1300, was chosen for further studies. The kinetics of [3H ]cytidine incorporation into acidinsoluble material of KP1300 is shown in Fig. 2 Mutants in cmk cannot tolerate a block in CTP synthetase (pyrG). Since strain KP1300 lacks CMP kinase activity, we assumed it cannot use exogenous cytidine (see Fig. 1 ). We tested this hypothesis by trying to introduce a pyrG-gene into KP1300 by means of cotransduction with cysC-D, the two mutations (cysC-D and pyrG) being known to cotransduce with a frequency of about 20% (1). None of 176 cys+ transductants tested received the pyrGallele from the donor ( Table 3 ), indicating that cytidine cannot be converted to CTP in a cmkmutant. We were, however, successful in constructing a strain which carried cmk-51 and a heat-sensitive mutation in pyrG.
Growth properties. The growth properties of one of the cmk-mutants (KP1300) and the parent strain (JL1278) are compared in be considerable during exponential growth, and a mutant lacking CMP kinase would therefore be expected to contain elevated levels of CMP. In addition, one would expect such a mutant to excrete breakdown products of CMP formed as a result of mRNA turnover. Table 5 summarizes the acid-soluble nucleotide pools determined in the parent strain and in KP1300. As expected, the CMP pool of the mutant is greatly increased as compared to the parent, whereas the UMP pool appears to be unaltered. With the exception of the CTP pool which repeatedly is found to be decreased in KP1300, no differences in the nucleoside triphosphate pools between mutant and parent are observed. It should be noted that in addition to the CMP pool the dCMP pool is also elevated in the mutant (Table 5) .
dCMP kinase. The finding that CMP kinasedeficient mutants contain increased levels of dCMP suggests that they are defective in their capacity to phosphorylate dCMP as well as CMP. That this is indeed the case is shown in Table 6 .
Pyrimidine excretion. In a cmk-mutant, the continued formation of CMP from mRNA turnover, combined with the inability to rephosphorylate CMP, should result in excretion of breakdown products of CMP into the growth medium. By growing cmk-mutants on glucose minimal plates, seeded with a pyrimidine auxotrophic strain (JL1018), it appears that considerable amounts of compounds, capable of feed- ing the pyrimidine requirement of JL1018, are excreted by the mutants. To quantitate and to identify the excreted product (15), a biological assay was employed. Table 7 gives the results of an experiment in which the culture media from cultures of JL1278 and JL923 were assayed for their content of total pyrimidines as well as for their content of cytidine by the capacity of these media to support growth of strain JL1018 which has a general pyrimidine requirement and strain JL672 which has a specific cytidine requirement. As shown, JL923 excretes considerable amounts of pyrimidines into the growth medium. About 10% of the excreted pyrimidines are identified as cytidine.
Similar results were obtained in an experiment in which a dense cell suspension of the uridine phosphorylase-negative derivative of KP1300 (KP1319) was incubated for 30 min in aThe media from cultures of the feeder strains (4 x 101 cells/ml) were sterilized, divided into two parts, and inoculated with JL1018 and JL672, respectively. Following 24 h of incubation with aeration at 37 C, the growth yield was determined by measuring the optical density of the cultures at 436 nm (OD436). For further details see Materials and Methods.
h Calculated from the growth yields, using as standard the growth yields of JL1018 and JL672 obtained in media containing a known amount of cytidine.
c Fresh, sterile medium was used.
the presence of ["C ]uridine and the culture medium was subsequently analyzed for its content of pyrimidine compounds by thin-layer chromatography. About 10% of the excreted pyrimidines are present as cytidine, the rest being uracil. No radioactive deoxycytidine was found. An independent indication of the excretion of substantial amounts of cytidine by cmk-mutants comes from the finding that such mutants contain elevated levels of the catabolic enzyme uridine phosphorylase (Table 8) . Uridine phosphorylase has recently been shown to be induced by cytidine (19) ( Table 8) .
Mapping of the structural gene encoding CMP kinase (cmk). Attempts were made to construct strains in which the cmk-genotype could be scored by growth response on plates, i.e., a strain carrying both a heat-sensitive mutation in pyrG and cmk-52. As predicted, the strain (JL938) grew very slowly at the restrictive temperature even in the presence of cytidine; however, background growth on plates proved excessive for this phenotype to be usable in genetic experiments and we resorted to the toluenized colony assay technique to score mutations in cmk.
The matings summarized in Table 9 established that cmk lay somewhere in a clockwise direction between 136 min and 52 min. In a gradient of transmission experiment done by mating JL624 (Hfr K4) with JL951 for 70 min, gal+ recombinants were selected. Of these, 10% (56 out of 561) were also recombinant for trp and 28%S (29 out of 105) were also recombinant for cmk. Assuming that distal marker inheritance decreases exponentially, with map distance, these data indicate cmk to be located near put (42 min). Two three-point crosses NaCl, resuspended in 0.1 M Tris-chloride (pH 7.6) and 2 mM ethylene-diaminetetra-acetic acid and sonicated. Uridine phosphorylase activity was assayed as described (10) . b Expressed as nanomoles per min per mg of protein. (Table 10) showed cmk to lie on the gal side of put. The second three-point cross ( phosphorylate dCMP, which suggests that a single enzyme is responsible for the phosphorylation of both CMP and dCMP to the corresponding diphosphates. This agrees with the observation by Hiraga and Sugino (11) who reported that the peaks showing CMP and dCMP kinase activities coincided when crude extracts of Escherichia coli were fractionated on anion exchange cellulose columns. UMP phosphorylation is catalyzed by a separate kinase (12) which, however, has been shown to be specific for the ribose moiety. dUMP will not serve as substrate for purified preparations of this enzyme (Justesen, personal communication). The phosphorylation of dUMP and deoxythymidine 5'-monophosphate is catalyzed by a third kinase which has been extensively purified from E. coli (16) . It is highly specific for the deoxyribose moiety of the substrate. This diversity in nucleoside monophosphate kinases also holds for the purine nucleoside monophosphates, where a guanosine (deoxyguanosine) 5'-monophosphate kinase (13) and an adenosine 5'-monophosphate kinase (6) have been identified.
In contrast to the specificities of the nucleoside monophosphate kinases, the phosphorylation of the nucleoside diphosphates to the corresponding triphosphates is carried out by one single enzyme, nucleoside diphosphate kinase (8, 13) .
The isolation of mutants defective in the structural gene for CMP (dCMP) kinase provides proof for the hypothesis on which the isolation of these mutants was based: (i) CMP kinase is a nonessential enzyme, and (ii) a mutation resulting in inactivation of the cmk gene does not result in any nutritional requirement.
We propose that the exclusive physiological role of CMP kinase is to rephosphorylate CMP (dCMP) arising from the turnover of nucleic acids and as the product of phospholipid synthesis (21) . That breakdown of mRNA by enteric bacteria is mainly hydrolytic and hence that the product of the cytosine residues of mRNA is in fact CMP have recently been established (4) . CMP kinase cannot play a role of utilizing exogenous cytosine or cytidine because, as we have previously shown (3), wildtype S. typhimurium converts these compounds exclusively to uracil and uridine, respectively, not to CMP. In cmk-mutants, CMP arising from RNA turnover and phospholipid synthesis would be expected to accumulate, and eventually CMP or a breakdown product of it would be excreted into the medium. In fact, we found dramatically elevated intracellular levels of CMP and we found uracil and cytidine to be excreted into the medium at a ratio of 9:1. Both uracil and cytidine are probable breakdown products of CMP. Cytidine is most probably formed from CMP by hydrolytic cleavage, and uracil is most likely formed by the action of a recently characterized hydrolase which splits CMP to cytosine and ribose-5-phosphate (Eisenhardt, personal communication) followed by the action of cytosine deaminase. Thus we presume that the sum of cytidine and uracil excreted into the medium represents the flow to CMP which in the wild type would have been recycled through CMP kinase. The quantity of excreted pyrimidines is consistent with the flow that would be expected from mRNA turnover and phospholipid biosynthesis. Assuming that total flow through mRNA is about equal to that incorporated into stable RNA, there would be about 29 nmol excreted per ml over the growth interval we measured (Table 7) . Assuming total phospholipid composition to be about 5.7%, another 10 nmol would arise as a byproduct of phospholipid biosynthesis, making a total of 39 nmol of pyrimidine excreted per ml. We, in fact, recovered 51 nmol of pyrimidine per ml-a value close enough to the expected result to support our proposed in vivo function of CMP kinase.
As we have previously shown (3) in mutants which lack cytidine deaminase (cdd-), cytidine is stabilized metabolically and can then be converted to CMP. Hence, in such mutants, CMP kinase takes on a new role, that of a step in a pathway catalyzing the conversion of exogenously supplied cytidine to CTP. This is the route of CTP synthesis in strains lacking CTP synthetase (pyrG-). Hence, if both mutations effectively destroy enzyme function, a strain should not be able to tolerate a mutation in pyrG and cmk (even in a cdd-background). We found it impossible to construct such strains (Table 3) although the double mutant could be constructed if the pyrG mutation were heat sensitive. These experiments establish the unique role of CMP kinase; no other enzyme is capable of converting enough CMP to CDP to allow growth.
Another activity of CMP kinase is the phosphorylation of dCMP to dCDP (Table 6 ). Since dCMP is not an intermediate of DNA synthesis, it must arise only as a consequence of hydrolytic breakdown of DNA. The increased intracellular levels of dCMP in cmk-cells (Table 5) indicate a certain hydrolytic breakdown of DNA during growth. Quantitatively, however, this breakdown must be very limited, since neither dCMP nor deoxycytidine was found to accumulate in the growth medium.
In cmk -strains, most or all recycled CMP is lost and this loss must be made up by greater de novo synthesis of CTP through CTP synthetase (pyrG). The increased demand for de novo synthes is reflected by a decreased pool of CTP in the cmk-mutants (Table 5 ) but must be adequate because the mutants grow at near normal rates. We do not know at present whether the increased rate of synthesis of CTP by such strains is achieved by derepression of the synthetase gene or by adjustment of the activity of the enzyme. In view of the known regulatory properties of CTP synthetase (14), we favor the latter possibility. At fast growth rates, the upper limit in the adjustment of CTP synthetase is presumably reached because cmk-mutants grow significantly slower in rich media than does the parent strain ( Table 4) .
The very specific distortion of the nucleotide pools observed in cmk-mutants, i.e., increased CMP and dCMP pools but nearly normal nucleoside triphosphate pools, has no effect on the levels of the five pyrimidine biosynthetic enzymes encoded by the genes pyrB-F (Fig. 1) (M. Schwartz, personal communication). This indicates that the cytosine nucleoside monophosphates do not participate in regulating the expression of these genes.
We feel that the locus cmk is the structural gene encoding CMP kinase, but, since we have not established that the mutant strains produce an altered protein, the possibility remains that cmk encodes a regulatory gene essential for the expression of the enzyme.
